) is a stable tiRNA analog that displaces eIF4F from capped mRNA, inhibits translation initiation, and induces the assembly of SGs. The 5′-tiDNA Ala also assembles a G4 structure that allows it to enter motor neurons spontaneously and trigger a neuroprotective response in a YB-1-dependent manner. Remarkably, the ability of 5′-tiRNA Ala to induce SG assembly is inhibited by G4 structures formed by pathological GGGGCC repeats found in C9ORF72, the most common genetic cause of ALS, suggesting that functional interactions between G4 RNAs may contribute to neurodegenerative disease.
tRNA | angiogenin | stress | C9ORF72 | amyotrophic lateral sclerosis A ngiogenin (ANG) is a secreted RNase that was identified as an angiogenic factor produced by tumor cells (1) . Point mutations that reduce its RNase activity are found in a small subset of patients with both familial and sporadic ALS (2, 3), a neurodegenerative disease characterized by the progressive loss of motor neurons. Although these results implicate an RNA cleavage event in the pathogenesis of ALS, target RNA(s) whose cleavage promotes motor neuron survival have not been identified.
We discovered that ANG activates a cytoprotective stress response program in eukaryotic cells (4) . ANG enters cells via a receptor-mediated process that delivers it to the cytoplasm and the nucleus (5, 6) . In the cytoplasm, ANG cleaves the anticodon loops of mature tRNAs to produce 5′-and 3′-fragments that are designated as tRNA-derived, stress-induced RNAs (tiRNAs) (4, 7) . We found that a subset of 5′-tiRNAs, but not 3′-tiRNAs, inhibits translation initiation and triggers the assembly of stress granules (SGs) (8, 9) , RNA granules implicated in the pathogenesis of ALS (8) . These events conspire to enhance the survival of cells subjected to adverse environmental conditions (reviewed in refs. 8, 9) .
We have identified two structural features that are required for tiRNAs to inhibit translation initiation (10) . The first is a stem-loop structure corresponding to the "D-loop" of tRNA (10) . The dimensions of this D-loop structure are similar to the stem-loop structure that allows let-7 microrna precursor to bind the cold shock domain (CSD) of the YB-1 homolog Lin28 (11) . Because YB-1 also binds to a stem-loop structure found in the 5′-UTR of Snail1 transcripts (12), we hypothesized that the tiRNA D-loop may bind to the CSD of YB-1. The second required structural feature is a 5′-terminal oligoguanine (TOG) motif that is only found in the translationally repressive 5′-tiRNAs derived from tRNA Ala and tRNA Cys . The 5′-tiRNA Ala and 5′-tiRNA Cys , but not mutants lacking the D-loop or TOG motif, inhibit translation initiation by displacing eIF4F from cap structures (m7G) (10) . Mutations in the TOG motif significantly reduce the binding of 5′-tiRNA Ala to YB-1 (10) , suggesting that this motif is required for the assembly of YB-1/tiRNA complexes that directly target the translation initiation machinery to inhibit protein synthesis.
Guanine-rich (G-rich) oligonucleotides (ODNs) have the potential to assemble intra-or intermolecular G-quadruplex (G4) structures that are resistant to nucleases, and they spontaneously enter cells by a poorly characterized mechanism (13) (14) (15) . Here, we show that biologically active 5′-tiRNA Ala and 5′-tiRNA Cys form
Significance
Angiogenin is a stress-activated ribonuclease that cleaves tRNA to produce bioactive small noncoding RNAs [tRNA-derived, stress-induced RNAs (tiRNAs)] that function in a cytoprotective stress response program. Point mutations that reduce its ribonuclease activity are found in a subset of patients with ALS, a fatal neurodegenerative disease. We have found that selected tiRNAs assume G-quadruplex (G4) structures that are necessary for cytoprotective and prosurvival functions. Moreover, stable DNA analogs of these G4-containing tiRNAs spontaneously enter motor neurons and confer cytoprotection against stress. Our results identify tiRNAs as leading compounds for the development of a new class of neuroprotective drugs and give insights into the molecular mechanisms underlying the pathobiology of expanded G4-forming hexanucleotide repeats in the C9ORF72 gene.
G4 structures similar to G-quadruplexes formed by the hexanucleotide repeats in C9ORF72 (16, 17) , the leading genetic cause of ALS and frontotemporal dementia (FTD). The assembly of G4 structures correlates with the ability of DNA analogs of 5′-tiRNA  Ala and 5′-tiRNA  Cys (5′-tiDNA  Ala and 5′-tiDNA  Cys ) to inhibit translation, promote formation of SGs, and confer neuroprotection to motor neurons exposed to stress. Our results also suggest a new mechanism by which extended G4 structures may be involved in the pathophysiology of repeat-associated neurodegenerative diseases.
Results
Bioactive tiRNAs (and Corresponding tiDNAs) Assume G4 Structures.
Bioactive tiRNAs and their tiDNA analogs are relatively rich in Guanine residues (Figs. S1A and S2 ). Because G-rich RNA and DNA ODNs can assemble G4 structures that confer unique biological properties (18), we tested the ability of G-rich tiRNAs and tiDNAs to assemble G4 structures. Binding of N-methyl mesoporphyrin IX (NMM) to G4 structures results in fluorescent emissions at 614 nm (19) . A G-rich ODN derived from the c-myc promoter (i.e., c-myc ODN), known to assemble G4 structures (20) , binds NMM, resulting in fluorescent emission at 614 nm (Fig. 1A) . Similarly, 5′-tiRNA Ala , 5′-tiRNA Cys , and 5′-tiDNA Ala also assemble G4 structures, but Poly(U) RNA and tRNA do not. Whereas mutant 5′-tiRNA Ala or 5′-tiDNA Ala with a single G→U substitution assumes a G4 structure (Fig. S3B ), a mutant with two G→U substitutions (UU3G RNA and UU3G DNA) does not (Fig. 1A) . The ability of tiRNA Ala mutants to inhibit translation initiation (10) correlates with their ability to bind NMM and assume G4 structures (Fig. 1A) (Fig. S1B) . Species migrating faster than expected for 30 nucleotide oligos (Fig. S1B, red arrows) suggest the presence of intramolecular base pairing resulting in compaction of the tertiary structure. Species migrating slower than expected (Fig.  S1B , black arrows) are consistent with the presence of intermolecular base pairing indicative of stable multimers.
Bioactivity of 5′-tiRNA Ala and 5′-tiDNA Ala . We previously showed that 5′-tiRNA Ala displaces eIF4F from capped mRNA to inhibit translation initiation and induce the assembly of SGs (10). Remarkably, tiDNAs have similar biological activities. Both tiRNA Ala and tiDNA Ala specifically and significantly inhibit the translation of luciferase transcripts in rabbit reticulocyte lysates (RRLs) (Fig. 1B) . To compare the effects of these oligos on eIF4F/cap interactions, we assembled eIF4E-containing complexes from U2OS cell lysates on m 7 GTP-Sepharose. Sepharosebound complexes were incubated with 3′-end biotinylated control RNA or DNA, 5′-tiRNA Ala , or 5′-tiDNA Ala before analyzing retained components of the eIF4E-containing complexes by Western blotting (Fig. 1C) . Whereas control oligos do not displace initiation factors from m 7 GTP-Sepharose, 5′-tiRNA Ala and 5′-tiDNA Ala completely displace eIF4G and eIF4A and partially displace eIF4E from the beads. The supernatants containing displaced initiation factors were used to capture biotin-RNA/ DNA oligos and their associated proteins. Western blotting analysis reveals that biotin-5′-tiRNA Ala and 5′-tiDNA Ala capture eIF4G/A/E (Fig. 1C) (Fig. 1D) . A subpopulation of these cells also assembles SG, suggesting that these bioactive oligos inhibit translation initiation (Fig. 1E ). In all these experiments ( Fig. 1 B-E), 5′-tiDNA Ala had comparable or even stronger effects on translation inhibition than 5′-tiRNA Ala .
tiRNA Ala and tiDNA Ala Bind the CSD of YB-1. We previously identified YB-1 as a cofactor that is required for tiRNA-mediated translational repression (10) . We used 4-thio-uracil (sU)-modified tiRNAs to confirm that bioactive tiRNAs bind directly to endogenous YB-1 in live cells. U2OS cells were transfected with biotinylated oligos [i.e., sU-modified control RNA (Ctrl-sU RNA), inactive 5′-tiRNA Met (5′-Met-sU RNA), or active 5′-tiRNA Ala (5′-Ala-sU RNA)] before irradiating cells with UV light to activate sU cross-linking (21) . Cells were then solubilized, and streptavidin-Sepharose was used to pull down biotinylated oligos and associated cross-linked proteins for analysis by Western blotting (10) . As shown in Fig. 2A , sU modified 5′-tiRNA Ala , but not 5′-tiRNA Met , specifically pulled down YB-1, but not other tiRNA-binding proteins, following UV irradiation. Because sU-modified oligos are cross-linked only to proteins in close proximity, this result indicates that 5′-tiRNA Ala binds to YB-1 in live cells.
YB-1 is a multifunctional DNA/RNA binding protein with two distinct nucleic acid binding domains (Fig. 2B) . Its oligomerization domain (OMD), containing alternating clusters of positively and negatively charged amino acid residues ( Fig. 2B ; OMD), binds to single-stranded ssRNA and ssDNA, and its CSD (Fig. 2B ) binds to double-stranded oligos or stem-loop structures (reviewed in refs. 22, 23) . In addition to the CSD and OMD, YB-1 contains a structurally disordered Ala-and Pro-rich N-terminal domain (the A/P domain) that does not bind nucleic acids (22) . The indicated RNA oligos were transfected into U2OS cells, irradiated using UV light at 365 nm, solubilized, and immunoprecipitated using streptavidin beads. Precipitated proteins were identified by Western blotting using the indicated antibodies. Cell lysates at a ratio of 1:30 were used as loading controls. (B) Schematic representation of YB-1 protein, its domains, and the N-terminal GST fusion YB-1 variants used in this study. The A/P domain (amino acids 1-59), CSD (amino acids 60-129), and OMD (amino acids 130-324) are shown. (C) Recombinant WT YB-1 directly binds to 5′-tiRNA Ala and 5′-tiDNA Ala in vitro. Recombinant nontagged YB-1 (full-length) was incubated with the indicated RNA and DNA oligos before affinity precipitation using streptavidin beads and Western blotting analysis using anti-YB-1 antibody. (D) CSD domain of YB-1 is responsible for 5′-tiRNA Ala binding specificity. The indicated fusion proteins were incubated with the indicated RNA oligos before affinity precipitation using streptavidin beads and Western blotting using anti-GST antibody.
We assessed the binding specificity of full-length and truncated YB-1 using biotinylated RNA and DNA oligos (predicted secondary structures are depicted in Fig. S2 ). Pull downs using streptavidin-Sepharose contain small amounts of YB-1 bound nonspecifically to control RNA and DNA oligos (Fig. 2C, lanes  3-5) . Much larger amounts of YB-1 are pulled down with 5′-tiRNA Ala (lane 6) and 5′-tiDNA Ala (lane 7). Two G→U substitutions in the 5′-TOG motif causing failure in G4 structure formation (Fig. 1A) also reduced binding to YB-1 (UU3G, lane 9), but deletion of the six 3′-terminal nucleotides (following the stem structure; 24mer, lane 10) or single G→U substitutions (U4G, lane 8) did not affect binding. Hybrid oligos composed of the first 17 nucleotides from 5′-tiRNA Ala and the last 13 nucleotides from 5′-tiRNA Cys (Fig. S2C ) maintained the 5′-TOG motif, the stem-loop structure, and YB-1 binding (5′-tiRNA Ala , lane 12). Mutations that disrupted the stem structure of 5′-tiRNA Ala (mismatch in the helix structure, Helix-mis) had reduced YB-1 binding (Fig. S2C ; Helix-mis, lane 13), and oligos with mutations in both the TOG motif and the stem structure (UU3G-helix-mis, lane 14) bound YB-1 at levels similar to control oligos (lanes 3-5). Thus, the structural features required for translational repression are also required for YB-1 binding.
We used GST-fusion proteins to identify the tiRNA-binding domain in YB-1 (Fig. 2B) . GST-YB-1 and a truncation mutant lacking the A/P domain (GST-CSD-OMD) bound strongly to 5′-tiRNA Ala and to the active 5′-tiRNA Ala/Cys oligo (Fig. 2D , lanes 5 and 7), but weakly to control RNAs (lanes 3 and 4) or biologically inactive mutant oligos ( Fig. 2D ; UU3G, lane 6), Helixmis (lane 8), and UU3G-helix-mis (lane 9). GST-OMD bound weakly to all oligos, suggesting sequence nonspecific binding (Fig. 2D, lanes 2-9) . In contrast, fusion proteins that include the CSD (GST-CSD or GST-A/P-CSD) bound strongly to bioactive oligos but weakly to inactive mutants and control oligos (Fig.  2D) . Similar results were obtained using DNA analogs of 5′-tiRNA Ala mutants (5′-tiDNA Ala mutants) (Fig. S3A) . The binding of the YB-1 CSD to 5′-tiRNA Ala mutants correlates with the assembly of G4 structures as assessed by NMM binding (Fig.  S3B ) and with the ability to inhibit translation of an mRNA reporter in reticulocyte lysates (Fig. S3C) . Moreover, recombinant YB-1 binds other well-characterized G4 oligos, including AS1411 (14) , c-myc (20) , and C9ORF72 (16, 17) (Fig. S3D, Upper) . This binding depends on the nature of the monovalent cation used: Whereas sodium ions strongly support the formation of G4 structures (and thus binding to YB-1), lithium ions only weakly support their assembly (reviewed in ref. (24) , resulting in less efficient YB-1 binding (Fig. S3D, Lower) . Moreover, although recombinant YB-1 strongly binds to the stable G4 derived from the 5′-UTR of MT3-MMP mRNA [M3Q (25) ], it does not bind an M3Q mutant (M3Q-Mut) that does not form G4 structures (25) (Fig. S3D, Lower, lanes 11-12) . Finally, only RNA/DNA oligos that assemble G4 structures (Fig. 1A and Fig. S3B ) exhibit anomalous mobility in gels under denaturing (Fig. S4, Left) or native (Fig. S4 , Right) conditions compared with controls or translationally inactive (10), non-G4-containing 5′-tiRNAs Val/Met/Pro (Fig. S3B) . In summary, these results suggest that bioactive 5′-tiRNA Ala /5′-tiDNA Ala oligos directly bind to YB-1. Although the CSD is responsible for the specificity for G4 structures, OMD binds many different nucleic acid structures with little specificity.
Bioactivity of 5′-tiDNA Ala . ANG protects mouse P19 embryonal carcinoma cells (26) and cultured mouse motor neurons from stress-induced apoptosis (27, 28) . Human motor neurons (hMNs) differentiated from ES cells express the motor neuron markers TUJ1, MAP2, SMI-32, and peripherin (Fig. S5 B and C) , as well as YB-1 (Fig. 3B, Lower) . Treatment of these cells with WT ANG, but not ALS-associated, RNase-deficient P112L (29) mutant ANG, significantly inhibits excitotoxic (AMPA) treatment (27, 30) , and serum withdrawal-induced [serum starvation (27) ] death (27) (Fig. 3A) . In contrast, knockdown of ANG sensitizes these cells to stress (Fig. S5D ) and promotes stress-induced activation of apoptotic caspases (Fig. S5A) . Importantly, treatment with recombinant ANG rescues ANG-depleted motor neurons from adverse effects of stress (Fig. S5D) .
G-rich oligos that assume G4 structures spontaneously enter cultured cells (18) . We confirmed that G4-containing oligos (5′-tiDNA Ala and its mutant T4G, 5′-tiDNA Cys , AS1411, c-myc, and C9ORF72), but not control DNA oligos or translationally inactive/non-G4-containing mutants of 5′-tiDNA Ala (TT3G and TT3G-helix-mis), spontaneously enter cultured human U2OS cells (Fig. S6) . Upon entering hMNs (Fig. 3B and Fig. S5 B and  C) , 5′-tiDNA Ala is localized to nuclear and cytoplasmic compartments (Fig. S5C) . Spontaneous uptake of 5′-tiDNA Ala allowed us to test the hypothesis that G4-containing oligos act downstream of ANG to trigger a neuroprotective response. The hMNs were treated with siRNA to reduce the expression of YB-1 protein by ∼90% (Fig. 3C, Upper) . Cells were then subjected to excitotoxic (AMPA) (27) or oxidative [sodium arsenite or H 2 O 2 (31)] stress before quantifying viability using the CellTiter-Glo Luminescent Cell Viability Assay (Promega). In cells treated with control siRNA, 5′-tiDNA Ala modestly, but significantly, enhances cell survival in response to stress (Fig.  3C, Lower) . This effect was eliminated in cells treated with siRNA targeting YB-1, suggesting that 5′-tiDNA Ala /YB-1 complexes mediate this cytoprotective response. Interestingly, exposure to 5′-tiDNA Ala for 72 h also partially rescues ANG-depleted motor neurons from toxic effects of stress (Fig. S5D) .
RNA oligos corresponding to the GGGGCC repeats expanded in the ALS-associated C9ORF72 gene also form G4 structures (32) . To determine whether different classes of G4 oligos are capable of functional interactions, we transfected U2OS cells with tiRNAs and GGGGCC repeat oligos alone or in combination and then processed cells for immunofluorescence microscopy to quantify SG assembly. Transfection of 5′-tiRNA Ala , 5′-tiRNA Cys , or C9ORF72 (four repeats) induced SG assembly (Fig. 3D) . Cotransfection with control oligos (AAC-CCC; four or 17 repeats) or with C9ORF72 (4× GGGCC repeats) had no effect on SG assembly. In contrast, cotransfection with C9ORF72 (23× GGGGCC repeats) markedly impaired SG assembly by both tiRNAs and C9ORF72 (4× repeats). The ability of pathological repeats found in C9ORF72 to interfere with tiRNA-induced SG assembly could contribute to reduced viability of motor neurons in patients who have ALS.
Discussion
The demonstration that G4-containing DNA analogs of 5′-tiRNA Ala enter cultured motor neurons and trigger a neuroprotective response has important implications for our understanding of both ANG-induced neuroprotection and the pathogenesis of ALS. Although ANG was initially identified as an angiogenic factor found in the conditioned medium of cultured cancer cells (1), it is a component of the acute-phase response that protects the organism from microbial and environmental stress (33) . ANG binds to widely expressed, but poorly characterized, receptors to trigger AKT activation (27) and inhibits p53-induced apoptosis (34) . Following receptor binding, ANG enters the cell and is translocated to the nucleolus, where it binds to rRNA gene promoters and enhances transcription of rRNA (35) . ANG also cleaves tRNA to produce bioactive tiRNAs that reprogram protein synthesis and promote the assembly of SGs (10) . The relative contribution of these events to ANG-induced proliferation and survival is not known.
The finding that 5′-tiDNA Ala , an analog of a downstream effector of ANG function, spontaneously enters cells and protects motor neurons from adverse effects of stress strongly links tRNA cleavage to the neuroprotective effects of ANG. This conclusion is supported by findings showing that most ALS-associated ANG mutants lack ribonuclease activity (2, 29) . Our data suggest that ANG is a neuroprotective factor that functions in an RNasedependent manner. Because 5′-tiDNA Ala is sufficient for neuroprotection, the ANG receptor may not be required for this activity. The remarkable ability of G4-containing oligos to enter cells makes 5′-tiDNA Ala a leading compound for the development of a neuroprotective drug.
Recent findings have implicated G4 structures formed by GGGGCC hexanucleotide repeats found in the C9ORF72 gene in the pathogenesis of ALS and FTD (17, 32, (36) (37) (38) . These structures are postulated to modulate gene expression at transcriptional and posttranscriptional levels, and to promote nucleolar stress in ways that contribute to age-dependent motor neuron dropout (17, 32, (36) (37) (38) . Together with our results, these studies suggest that various G4 structures may play important roles in ensuring motor neuron viability.
Normal human C9orf72 alleles have two to 20 intronic hexanucleotide repeats, with the majority having fewer than eight repeats (39) . The ALS/FTD-associated C9ORF72 alleles contain tens to thousands of hexanucleotide repeats, although the correlation between repeat length and clinical features is not obvious. Several molecular mechanisms have been proposed to contribute to the loss of neurons in C9ORF72 ALS carriers (17, 32, (36) (37) (38) . We propose that extended C9ORF72 repeats forming G4 structures may interfere with endogenous G4-containing, ANG-induced tiRNAs that are required for motor neuron survival. Molecular details of such interference are not clear but may involve sequestration of RNA-binding proteins [e.g., YB-1, nucleolin (36) , hnRNP A3 (16) ] that regulate motor neuron survival. Our results add to a growing appreciation for the roles that G4 structures may play in the pathogenesis of motor neuron disease.
Materials and Methods
Tissue Culture, Metabolic Labeling, and Transfection of Cells. U2OS or NSC34 cells were cultured and labeled with [
35 S]-methionine as described by Ivanov et al. (10) . Cell lines were transfected with RNA or DNA oligos using Lipofectamine 2000 (Invitrogen) as described in SI Materials and Methods. Cryopreserved hMN progenitors derived from human ES cells were purchased from Lonza and differentiated according to the manufacturer's recommendations. The hMNs were transfected on days 17 and 20 of differentiation by magnetofection using NeuroMag transfection reagent (AMSBio).
Modified Photoactivatable Ribonucleoside-Enhanced Cross-Linking and Immunoprecipitation. U2OS cells were transfected with 3′-end biotinylated, sU-containing tiRNAs. At 6 h posttransfection [which corresponds to the appearance of SGs (40)], cells were irradiated with UV light (365 nm), lysed, and affinity-precipitated using streptavidin beads. Proteins were eluted, precipitated with trichloroacetic acid, and analyzed by Western blotting (10).
Reagents. The sources of antibodies and ODNs used in this study are reported in SI Materials and Methods.
Immunofluorescence Microscopy. Cells were stained with the indicated antibodies before processing for immunofluorescence microscopy as previously described (40) .
Preparation of RNA Transcripts. Firefly luciferase mRNA was purchased from Promega and capped using a ScriptCap m7G Capping System (EPICENTRE Biotechnologies) according to the manufacturer's recommendations. C9ORF72 (23×) and AAAACC (17×) repeat RNAs were in vitro RNA-transcribed from linearized HindIII plasmids pcDNA3.1-GGGGCC (23×) and pcDNA3.1-AAAACC (17×) (a gift from C. Haass, Ludwig Maximilian University, Munich, Germany) using a RiboProbe In Vitro Transcription System (Promega) as described by the manufacturer.
In Vitro Translation of mRNA Reporters in RRLs. A Flexi Rabbit Reticulocyte Lysate System (Promega) was used for the in vitro analysis of mRNA translation in RRLs as previously described (10) . m 7 GTP-Sepharose Chromatography. Affinity precipitation using m 7 GTPSepharose 4B (m 7 GTP-Sepharose; GE Healthcare) was performed using previously described methods (10) .
Gel Electrophoresis. ODNs were analyzed by denaturing PAGE wherein 1 μM samples were heated at 85°C for 5 min and immediately placed on ice before being loaded onto a 15% TBU gel. Nondenaturing PAGE was performed by heating samples (1 μM) at 85°C for 5 min and slowly cooling them to room temperature (1°C/min) before being analyzed on a 20% TB polyacrylamide gel. Bands were visualized by SYBR gold staining. (Fig. 3D) , U2OS cells were transfected as described above, but equal amounts of competitor oligos were added (final oligo concentration of 1.5 μM, 1:1 G4/competitor RNA), and cells were transfected using 5 μL of Lipofectamine 2000. In the case of cotransfection of extended repeats [C9ORF72 (23×) and AACCCC (17×)], 2 μg and 2.7 μg of in vitro-transcribed C9ORF72 (23×) or AACCCC (17×) RNAs were added to the indicated RNA oligos, respectively (to keep the total number of GGGGCC or AACCCC repeats in the transfection reaction comparable).
Supporting Information
NMM Fluorescence. Fluorescence assays were performed in 30 μL of 10 mM sodium phosphate buffer (pH 6.4), 100 mM KCl, 4 mM MgCl 2 , and 5 μM NMM. The ODN concentration ranged from 0 to 50 μM. All fluorescence experiments were performed using a FlexStation III (Molecular Devices) plate reader with excitation and emission wavelengths of 399 nm and 614 nm, respectively. Fluorescence measurements were repeated three times for each sample, and the intensities were averaged and corrected by running a buffer control without RNA before each series of experiments. Fluorescence intensities were normalized to the maximum intensity of the c-MYC G-quartet. Results shown are the average of three to five independent replicates. Error bars represent the SD between experiments.
Reagents. Goat polyclonal anti-eIF3b, goat polyclonal anti-eIF4A, rabbit polyclonal anti-eIF4G, mouse monoclonal anti-YB-1, mouse monoclonal anti-eIF4E, and mouse monoclonal anti-Vigilin antibodies were purchased from Santa Cruz Biotechnology. Mouse polyclonal anti-G3BP was purchased from Biomedical Biosciences. Anti-mouse, anti-goat, and anti-rabbit secondary antibodies conjugated with HRP were purchased from GE Healthcare. Cy2-, Cy3-, and Cy5-HRP-conjugated secondary antibodies were purchased from Jackson Immunoresearch Labs.
The 3′-end biotinylated oligos (control DNA/RNAs or tiRNA/ tiDNAs) were obtained from Integrated DNA Technology. Streptavidin agarose precipitations were as described [Ivanov et al. (1) ]. Recombinant YB-1 (a gift from Lev Ovchinnikov, Institute of Protein Research, Russian Academy of Sciences, Pushchino, Russia) and/or its GST-tagged derivatives were added to the biotinylated RNA/streptavidin bead complexes, incubated for 2 h at 4°C with rotation, and washed three times with wash buffer [15 mM Tris·HCl (pH 7.2), 0.5 M NaCl, 1 mM EDTA, 0.1% Nonidet P-40]. Proteins were eluted using 60 μL of 1× SDS/PAGE loading buffer.
All non-sU-containing RNA and DNA ODNs used in this study were synthesized and purified by Integrated DNA Technology. DNA oligos are analogous to their RNA counterparts. The sU-containing RNA ODNs were synthesized and purified by Thermo Scientific. All ODNs are at least 95% homogeneous. Sequences are reported below. Control RNA1: 5′-UGA AGG GUU UUU UGU GUC UCU AUU UCC UUC-3′ (Piwi-interacting RNA piR006650) Control RNA2: 5′-Phospho-UGU GAG UCA CGU GAG GGC AGA AUC UGC UC-3′ (piR58620) Control RNA3: 5′-Phospho-GCA UUC ACU UGG AUA GUA AAU CCA AGC UGA A-3′ (random) 5′-tiRNA Ala : 5′-Phospho-GGG GGU GUA GCU CAG UGG UAG AGC GCG UGC-3′ U4G: 5′-Phospho-UGG GGU GUA GCU CAG UGG UAG AGC GCG UGC-3′ UU3G: 5′-Phospho-UUG GGU GUA GCU CAG UGG UAG AGC GCG UGC-3′ 5′-tiRNA Ala/Cys : 5′-Phospho-GGG GGU GUA GCU CAG UGG UAG AGC AUU UGA-3′ 5′-tiRNA Cys/Ala -bio: 5′-Phospho-GGG GGU AUA GCU CAG UGG UAG AGC GCG UGC-3′ Helix-mis: 5′-Phospho-GGG GGU GUA GCU CAG UGG UAG UCC GCG UGC-3′ UU3G-helix-mis: 5′-Phospho-UUG GGU GUA GCU CAG UGG UAG UCC GCG UGC-3′
5′-tiRNA
Cys : 5′-Phospho-GGG GGU AUA GCU CAG UGG UAG AGC AUU UGA-3′
Val : 5′Phospho-GUU UCC GUA GUG UAG UGG UUA UCA CGU UCG CC-3′ 5′-tiRNA Pro : 5′-Phospho-GGC UCG UUG GUC UAG GGG UAU GAU UCU CGG-3′
Met : 5′-Phospho-GCC UCG UUA GCG CAG UAG GUA ACG CGU CAG U-3′ C9ORF72 (4×): 5′-GGG GCC GGG GCC GGG GCC GGG GCC-3′ AS1411: 5′-GGT GGT GGT TGT GGT GGT GGT GG-3′ C-myc: 5′-GGG GAG GGT GGG GAG GGT GGG G-3′ AACCCC (4×): 5′-AAC CCC AAC CCC AAC CCC AAC CCC-3′ Biotinylated oligos.
Control RNA1-bio: 5′-UGA AGG GUU UUU UGU GUC UCU AUU UCC UUC-3′-/biotin/ Control RNA2-bio: 5′-Phospho-UGU GAG UCA CGU GAG GGC AGA AUC UGC UC-3′-/biotin/ Control RNA3-bio: 5′-Phospho-GCA UUC ACU UGG AUA GUA AAU CCA AGC UGA A-3′-/biotin/ 5′-tiRNA Ala -bio: 5′-Phospho-GGG GGU GUA GCU CAG UGG UAG AGC GCG UGC-3′-/biotin/ U4G-bio: 5′-Phospho-UGG GGU GUA GCU CAG UGG UAG AGC GCG UGC-3′-/biotin/ UU3G-bio: 5′-Phospho-UUG GGU GUA GCU CAG UGG UAG AGC GCG UGC-3′-/biotin/ 24mer-bio: 5′-Phospho-GGG GGU GUA GCU CAG UGG UAG AGC-3′-/biotin/ 5′-tiRNA Ala/Cys -bio: 5′-Phospho-GGG GGU GUA GCU CAG UGG UAG AGC AUU UGA-3′-/biotin/ Ala forms compact and multimeric structures. PAGE analysis in denatured (15% TBU, Right) and native (20% TB, Left) conditions reveals stable, fast-migrating RNA/DNA species with compact shapes (25 nt and 17 nt, respectively; red arrows), as well as stable oligomers/ multimers migrating slowly and resistant to denaturation (black arrows). . Substituted nucleotides are shown in red, and deleted nucleotides are shown within wedges in blue. Prediction of secondary structures was done online at the RNAFold WebServer (http://rna.tbi.univie.ac.at/cgi-bin/RNAfold.cgi). Fig. S4 . In-gel analysis of G4 oligos. 5′-tiR/DNA Ala/Cys forms compact and multimeric structures. PAGE analysis in denatured (15% TBU, Left) and native (20% TB, Right) conditions reveals stable, fast-migrating RNA/DNA species with compact shapes, as well as stable oligomers/multimers migrating slowly and resistant to denaturation. U4G mutant, but not UU3G or Helix-mis/UU3G-helix-mis mutant, of 5′-tiRNA Ala assembles stable oligomers/multimers. Other tiRNAs (tiRNAs Met/Pro/Val ) and control oligos (Ctrl RNA1 and Ctrl DNA) move according to the predicted length. Validated G4 oligos (AS1411, C9ORF72, and c-myc) demonstrate a broad spectrum of anomalous mobility in both denatured and native conditions.
Fig. S6. 5′-tiDNA
Ala is spontaneously taken up by osteosarcoma U2OS cells. The 3′-end biotinylated control DNAs (ctrlDNA1 and ctrlDNA2) and 5′-tiRNA Ala (first row, all negative controls), AS1411 (validated G4 oligo, positive control for uptake) and G4 DNA oligos (C9ORF72, c-myc, and 5′-tiDNA Cys ) (second row), or 5′-tiDNA Ala and its mutant variants (T4G, TT3G, and TT3G-helix-mis) (third row) oligos were added to U2OS cells for 72 h. Streptavidin-Cy3 (red) and Hoechst (blue) were used to visualize biotinylated DNA oligos and nuclei, respectively. AS1411, c-myc, C9ORF72, 5′-tiDNA Cys , and 5′-tiDNA Ala (and its bioactive T4G variant) oligos (internalized oligos are shown with white arrows), but not control DNAs (ctrlDNA1 and ctrlDNA2) or 5′-tiDNA Ala translationally inactive (TT3G and TT3G-helix-mis) oligos, spontaneously enter U2OS cells. 5′-tiRNA Ala oligo is degraded in the medium within minutes.
